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RESEARCH MEMORANDUM

EXPERIMENTAL AND THEORETICAL STUDIES OF PANEL FLUTTER
AT MACH NUMBERS 1.2 TO 3.0

By Maurice A. Sylvester, Herbert C. Nelson,
and Herbert J. Cunningham

SUMMARY

Some theoretical and experimental flutter results for simplified
panels clamped on front and rear edges are indicated and compared. Thae
results of tests on buckled panels clamped on four edges show that, in
general, thelr flubtter characteristics cannot be predicted on the basis
of the simplified theoretical or experimental results. An estimated
flutter boundary is presented for buckled panels clamped on four edges
and having various width-to-length ratios. A pressure differential is
found to be effective in suppressing flutter. The results of the exper-
Imental tests indicate that panel Tflutter is probably of concern mainly
from a fatigue standpoint.

INTRODUCTION

As more airplanes and missiles are being designed to operate at
supersonic speeds, there is a continuing concern that portions of the
skin coverings may be subject to flutter. Consequently, some experimental
and theoretical studies have been made to eveluate some of the signifi-
cant varisbles in the problem. The results of these studies may explain
the causes of panel falilures on some current high-speed airplanes and may
elsc indicate sources of trouble on future airplane and missile designs.

The main purpose of this paper is to present the results of some
recent panel-flutter experiments. In addition, a brief summary of some
theoretical work on panel flutter is presented and a comparison 1ls made
between some of the theoretical and experimental results. The experiments
extend previous work (ref. 1) to include greater ranges of Mach number,
pressure differential. across the panel, and ratios of panel width to
length. Most of the tests were made with buckled rectangular panels
clamped on either two or four edges and mounted as a section of the tummel
wall. The buckling forces were induced by thermal stresses or by a com-
bination of thermal stresses and applied edge forces. The dynamic pressure
was essentially constent (approximately 6.2 pounds per square inch) for
most of the experimental tests.
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SYMBOLS

d maximum depth of buckle with no air flow

=

Young's modulus of elasticity

1 panel length in direction of flow
M Mach number

q dynamic pressure

t panel thickness

\'i stream velocity

w panel width, perpendicular to flow
Subscript:

r reference experimental conditions

RESULTS AND DISCUSSION

Panels Fastened on Front and Rear Edges

Surmary of theory.- A summary of some recent theoretical work on

panel flutter 1s shown in figure 1. Several investigators who have
worked on panel flutter are listed, and the perticular problems treated
are Indicafed by the check marks. The panel configurations that were
studied are tke flat panel, the buckled pasnel, and the infinite flat
panel on many supports. All the panels were considered two-~dimensional
both structurally and aerodynamically, and most of the work applied to
supersonic speeds. Isaacs (ref. 2) treated the static stability of a
buckled panel and, of course, used steady-state alr forces. He advanced
as plausible the concept that a buckled panel will flutter if it is not
stetically stable, and on this basis he obtalned a design criterion

1/3
<essentially ()/M? -1 E) / %-= 0.5&5). Hayes (ref. 3), in addition

to considering the static stability, also treated qualitatively the
dynamic stebility of buckled panels, but used only steady~siate alr forces.
Miles (ref. 4) studied the dynamic stability of both flat and buckled

panels end used alr forces that included first-order aerodynamic damping.
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Shen (ref. 5) extended the work of Miles on flat psnels by using exact
unsteady air forces. Hedgepeth, Budiansky, end Leonard (ref. 6) analyzed
the infinite flat panel on many supports and found that static divergence
was of concern at subsonic speeds, and flutter was of concern at super-
sonic speeds. Fung (ref. T) investigated the static stability of buckled
panels and concluded that the height of the buckle was & significant
parameter. Nelson and Cunningham (ref. 8) used exact unsteady air forces
in thelr study of the dynamic stability of flet panels., This analysis
gppears to be the most general and flexible that is avallable for the
single, flat, two-dimensional panel and included a study of the effect

of such factors as Mzch number, number of modes in the analysis, structural
damping, and tension.

The analytical work has contributed to an understanding of the panel-~
flutter phenomenon, but further work is needed to extend the theories to
riore practical panels which esre not two-dimensional and whick may be
either curved or buckled in a complex manner.

Comparison of theory end experiment,- Only Isaacs and Nelson and
Cunninghem obtained results for clamped-edge panels which correspond %o
those used In these experimental studies., Some experimentel results are
compared with these theoretical resulits in figure 2., This figure shows
the thickness-~to-length ratio required for flutter-free operation of
aluminum panels as z function of Mach number. The data are for panels
at an altitude of 25,000 feet since this is approximately the equivalent
pressure altitude at which most of the experimental data were obtained.

(Where necessary, the experimental data were adjusted to this pressure

1 g

1/3
eltitude with the relation ¥-= (E) (J;) « The subscript r refers to
L\

the experimental condi%ions.) The panels used in the experiments were

11.62 inches long and had a widith~to-length ratio of 0.69. The boundary
representing Isaacs' static stability or flutter criterion for buckled
penels is shown, and the circular symbols are the corresponding experi-
mental points. The boundery obtained from Nelson and Cunningham's two-
dimensional flutter theory for flat panels is slso indicated and the
squares are the associated experimental results. The theoretical curves
are shown 1o increase rather sharply at the lower Mach muwbers. For
Isascs! results, the increase is due to the use of steady-~state linearized
zir forces which become infinite at M = 1. For the curve of Nelson

and Curnninghsm, the increase is due to a change in flutter mode and
decreased aerodynamic damping. This latter curve would have a finlte
ordinate et M = 1. TFigure 2 also shows that, in general, buckled
panels appear to be more susceptible to flutter than flat panels.

e
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Effect of sltitude.- The results in figure 2 are for aluminum panels
at an eltitude of 25,000 feet., Since both experiment and theory indicate
that the effect of decreasing the sir density is beneficlel, it is of
interest to ncte the effect of altitude on panel flutter. Figure 3 shows
the variation of the thickness-to~length ratio with altitude for buckled
aluninum panels at Mach numbers of 1.2 and 3.0. The boundaries have been
determined by adjusting the exverimental resulis from filgure 2 toc the

- (B, s

was indicated previously. Figure 3 shows that the thickness-to-length
ratio to prevent flutter is reduced as the zltitude is increased.
Increasing the Mach number from l.2 to 3.0 raises the boundary some-
what, indiceting a2 slight adverse Mzch number effect.

Nlcl'

appropriate pressure altitude with the relation

Effect of a pressure differentiasl.- The results discussed so far

have been for panels with zero pressure differential between the two
surfaces., It was observed during the psnel-flutter tests that a posltive
or negative pressure differential could be used fto advanbage in stopping
or controlling the flutter, Since eirplane and missile panels may be
subjected to pressure differentiszls of various smounts, the effect of a
pressure differential is of interest.

The effect of a pressure dlfferential on the flutter of buckled panels
clamped at the front and rear edges is indicated in figure 4. These
results were obtained experimentally with aluminum-alloy, steel, magnesium,
end brass panels having a length of 11.62 inches and a width~to-length
retioc of 0.69. Tae ordinste is the nondimensional grouping of aerodynamic
end stiffness varameters which was first suggested by Isaacs and which
has been found useful in presenting the results of tests on this panel
configuration for the range of Mach number tested (M = 1.2 to 3.0).

The Mach number factor is based on steady-state linearlzed zir forces
and is, therefore, not valid near a Mach number of 1.0, The experimental
data points indicate the pressure differential, measured in pounds per
square inch, required to stop flutter at Mach nurmbers of 1.2, 1.3, 1.6,
and 3.0. A conservative boundery is faired to contain the date points
and represents the division between the flubiter and no-flutter regions.
Figure %4 shows that & pressure differential of the order of a few tenths
of a pound per sguare inch was effective in eliminating flutter on all
penels tested, and that the arount of pressure differentiel regquired to
suppress flubtier decreases as the value of the "flutter parameter” is
increased. No flutter was obtained on these panels at a value of this
parsmeter greater than approximately O.44. Veristions in the amount or
depth of buckling did =not appear to affect the results for the range of
this varisble studied (values of ¢&f1 from 0.003 to 0,009),
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Pznels Clamped on Four Edges

Comparison of experimental results.- Experimentel studies on simpli-
Pied panels clamped on the front and reer edges are useful in investigating
flutter trends and in providing experimental verification of existing
theories. BHowever, results of tests on panels clamped on four edges are
needed to determine the extent to which the results of studies on simplii-
fied panels may be applied to the more practical panel configurations.

The results of tests on two buckled penel configurations clamped on
four edges are shown in figure 5, and the results are compared with the
flutter boundary (reproduced from fig. 4) for panels of the same length
(11.62 inches) clamped on the front and rear edges. The one- and two-
half-wave types of buckling were easily obtained on the panels clamped on
four edges which had width-to~length ratios of 0.83. The fluitter parameter
is again plotted against the pressure differential, and the boundary and
data points indicate the pressure differential required to stop flutter on
the panel configurations identified in figure 5. For instance, flutiter
was encountered on a given panel at values of the pressure differential
less than that indlcated by the datae point and no flutter occurred for
higher values of the pressure differential. Bounderies are not drawn
for panels clemped on four edges because of the scatter in the limited
date available. The data show, however, that panels with the two-half-wave
type of buckling require a greater pressure differential to stop flutter
than do panels buckled in one half-wave, and that panels clamped on
four edges may be either less or more susceptible to flutter than panels
clamped on the front and rear edges. In no case was the pressure differ-
ential required to stop flutter greater than spproximately 0.87 pound
per square inch., Increasing the amount of buckling or destroying the
symnetry of the +two~half-wave type of buckling eppeared to have a stabi-
lizing effect on the stiffer panels clamped on four edges.

The velues of pressure differential, referred to in the discussion
of figures 4 and 5, represent the approximate difference between the
static pressure behind the panel and the effective static pressure acting
on the surface exposed to the stream flow. Because of the scatter in the
dete, the general magnitude of this pressure differential and the trends
shown should be emphasized rether than the exact values of the pressure
differential.

Effect of panel width-to-length ratioc.- Panel width-to-length ratios
very over a wide range, and it sppears that the width rather than the
length may be of more significance for long narrow panels. This obser-
vation is supported by the informstion in figure 6 which indicates the
effect of panel width-to-length ratioc and summarizes the present flutiter
experience on buckled panels clemped on four edges. Most of the data were
obtained at a Mach number of 1.3 for panels which had no curvature prior
to buckling. However, some data are presented for buckled panels with

iSRRI
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a slignt initial curveture (radius of curvature approximately eguel

to 48 inches). The panels with width~to-length ratios of 0.20, 0.50,
and 0.83 were 11.62 inches long and those with a width~to-length retilo
of 2.0 were 5.8L inches long. The panels were buckled by thermal and
applied edge forces, and, in generel, the types of buckling modes formed
were rather complex and strongly dependent on the panel width-to-length
ratio as well as the ratio of epplied edge forces in one direction to
those in the perpendicular direction. The buckled modes usually con-
slsted of = series of spproximate half-waves running in the direction of
the longer panel dimension and having a half-wave length roughly equal to
the shorter panel dimension.

The ordinate of figure 6 1s the previously presented panel-flutter
parameter, and the abscisss 1s identical except that the length has been
replaced by the width. The straight lines radisting from the origin
are lines of constant width-to-length ratios. Moving ewey from the
origin on these lines represents an increase in the panel thickness (or
stiffness) since the dynamic pressure was essentislly constant for these
tests. The solid symbols represent flutter, the open symbols indlcate
no flutter, and the short dashes represent an estimated flutter boumdary
based on the experience with these panel conflguwrations. Although addl-
tionel data are needed to esteblish more definitely the flutter boundary,
it is apparent that the panel width 1s significant when the panel width-
to-length ratio is reduced sufficlently. For example, for panels with
wldth-to-length ratios greater than approximately 0.8, decreasing the
length is effective in eliminating flutter. However, for panels with
wildth~to-length ratios less than epproximstely 0.5, decreasing the width
gppears to be a more effective method of reducing the possibility of flutter.

Panel flutter can occur throughout the unstable region as indicated
by the deta volnts. However, lts occurrence may be of a somewhat statis-~
tical nature since such factors as variatlons in the type and amount of
buckling snd a small pressure differential may reduce or eliminate the
wmstable region., For instance, the flutter of relatively stiff panels
with w/l = 0.835 occurred only when the panels were buckled predominently
in two half-weves, Observatlions of the flutter tests showed that when
flutter does occur it is not necessarily immediately destructive but is
probably of concern mainly from a fatigue standpolnt. The flutter fre-
quencies were predominantly in the 50 to 200 cps range.

As g matter of Interest, some of the apparently more critical panels
on the Bell X-lA research airplane would lie near the flutter boundary
for flight at low supersonic Mach numbers at an altitude of 40,000 feet.
A number of current high-speed airplanes have some psnels which would
plot well within the unstable region, and a few panel fallures which
have occurred may have been due to flutter.
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CONCLUDING REMARKS

Some theoretical and experimental flutter results for simplified
panels clamped on the front and rear edges have been indicated and
compared., For these panel configurations, the thickness required for
flutter-free operation is increased somewhat as the Mach number is
increased from 1.2 to 3.0 (at constant density). Increasing the altitude
1s beneficial in that the panel thickness %o prevent flutter is decreased.

The results of tests on buckled panels clamped on four edges have
also been discussed, and it was shown that they may be either less or
more susceptible to flutter than similer panels clamped only on the front
and reer edges. A flubtter boundary has been estimeted for buckled panels
clamped on four edges and having various width-to-length ratios. This
boundary indicetes that the panel width 1s probebly of more significance
than the length for penel width-~to~length ratios less than approximately
Oo 50

A pressure differential was found to be effective in eliminating
flutter, and for the panels tested did not exceed approximately 0.87 pound
per square inch.

t was indiceted that panel flubtter is probably of concern mainly
from a fatigue standpoint.

Langley Aeronautical Iaboratory,
National Advisory Committee for Aeronzsutics,
langley Field, Va., April 27, 1955.
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SUMMARY OF THEORETICAL WORK ON PANEL FLUTTER
PANEL
CONFIGURATION | "S53
TYPE OAP;_ STATIC | DYN. |STATIC | DYN. |STATIC | DYN.
ANALYST - =
ISAACS 'v{.'
HAYES v v
MILES v v
SHEN v
HEDGEPETH,
BUDIANSKY, v
AND LEONARD
FUNG v
NELSON AND v
CUNNINGHAM
Figure 1

THICKNESS -TO-LENGTH RATIO REQUIRED TO PREVENT FLUTTER
ALUMINUM - ALLOY PANELS AT 25000-FT ALTITUDE

008
/-Z-DlM. FLUTTER THEORY

STATIC STABILITY, ISAACS
NO FLUTTER

006

+ 004}
>,
X
002}
% FLUTTER o}exe
oL ¢t 1 1 1 1
1O 15 20 25 30
M
Figure 2
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EFFECT OF ALTITUDE, ALUMINUM PANELS
t( (g
EXPERIMENTAL RESULTS ADJUSTED BY +(z) ( qlr)

008 4

006
NC FLUTTER

1 oo4

002} FLUTTER M’?-g
] I
o 40,000 80,000
ALTITUDE ,FT
Figure 3

EFFECT OF A PRESSURE DIFFERENTIAL

¥ .0.69
NS
%>

4
NO FLUTTER

4
ETI';t E FAIRED BOUNDARY
2 [ EV¥1
( M t q) 1 U ° M
T o
2T %0 , o 1.2
E © o .3
R o 1.6
A 3.0
i | 1 ]
0 2 4 6 8

PRESS. .DlFFEREl\.ITIAL REQ'D. TO
STOP FLUTTER, LB/SQIN.

Figure 4
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COMPARISON OF EXPERIMENTAL RESULTS
M=1.3; 2=11.62 IN.

\V‘ Pl

<]

1 1 1t 1 )
0 2 4 ] 8 1.O
PRESS. DIFFERENTIAL REQ'D. TO STOP FLUTTER, LB/SQ IN.

Figure 5

EFFECT OF WIDTH- LENGTH RATIO
BUCKLED PANELS

O NO FLUTTER} pogo .

s Mot Rl s

B FLUTTER _ Rm48IN.
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——

0
r
z., EN3 t } pase”
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¥ geg o 500 BT
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Figure 6 e TR
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